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Abstract 

In the usual holographic approach to QCD, the meson spectrum is 
generated due to a non-trivial 5-dimensional background. We propose 
an alternative 5-dimensionaI scenario in which the spectrum emerges 
due to coupling to a scalar field whose condensation is supposed to 
be dual to the formation of gluon condensate and mimics the scale 
anomaly in QCD. The spectrum of model has finite number of discrete 
states plus continuum and reveals a Regge-like behavior in the strong 
coupling regime. 

1 Introduction 

The description of spectra of light mesons is among challenging problems 
in QCD. Since the physics determining properties of these resonances is 
non-perturbative, model building remains to be the main tool by which one 
usually tackles the problem. Recently a new approach appeared that was 
inspired by the gauge/gravity correspondence — the so-called bottom- up 
holographic approach to QCD The ensuing AdS/QCD models experi- 

enced a remarkable phenomenological success in description of strong inter- 
actions at low and intermediate energies. How to look for a holographic dual 
for QCD, generally speaking, is not known and one simply accepts recipes 
borrowed from the AdS/CFT correspondence. We are free, however, to try 
alternative constructions. Perhaps the main lesson which we learned from 
the holographic approach is that the effective models for QCD may be con- 
structed on the base of 5-dimensional field theories in which the fifth space- 
like coordinate plays the role of inverse energy scale (see also discussions 
in [^). This interesting hypothesis will be accepted in the present paper. 
Another assumption which we take from the holographic approach is the ex- 
istence of duality between 4D operators and 5D fields. The mechanism of 
mass generation will be, however, completely different and more natural from 
the QCD viewpoint: Instead of mimicking the spectrum as Kaluza-Klein ex- 
citations of 5D fields living in a non-trivial 5D background we consider 5D 
fields in flat space coupled to a scalar field which acquires non-zero vacuum 
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expectation value (v.e.v.) dependent on the fifth coordinate, i.e. on the 
energy scale. The scalar field is supposed to be dual to the gluonic field 
strength tensor square. Such a construction mimics the scale anomaly in 
QCD and generates a discrete hadron spectrum with finite number of states 
plus continuum. 

We will regard our model as an effective field theory that is valid below 
some energy scale, say below 2.5 GeV where the light mesons have been 
detected [6]. Staying within this viewpoint, we do not need the AdS metric 
in the UV limit as we do not perform matching to the UV asymptotics of 
QCD correlators and the simplest possibility will be considered — the fiat 
metric. In addition, as is the case of many effective theories, our model is 
supposed to be applicable only on the tree level even in the strong coupling 
regime. 

The paper is organized as follows. The vacuum sector of the model is 
introduced in Section 2. The bosons and fermions are considered in Sections 3 
and 4 respectively. Section 5 contains discussions and outlook. 



2 Vacuum sector 

Consider a scalar field ip{x^, z), fx = 0,1, 2, 3, living in five dimensions, where 
the 5th space-like coordinate z is the inverse energy scale, < 2; < oo. Let 
us assume that this field is dual to the gluonic field strength tensor square 
G^^. The latter is known to acquire a non-zero v.e.v. (G^,^) which causes 
the anomaly in the trace of energy-momentum tensor [7j in QCD, 



4evac = (e|:)..p. = ^{GlX.,. + 0{a) + ■■■. {1] 



where £vac denotes the vacuum energy, n.p. is "nonperturbative part" and 
the term 0{a) is the contribution of quark polarization effects. We suppose 
that hadrons acquire observable masses due to interaction with the field ip. 
Taking the metric tjab = (1, —1, —1, —1, —1), the action describing the pure 
vacuum sector is postulated to be {A = 0, 1, 2, 3, 4) 

^CSB = J d^xdz (^^dA^d\ + ]^m^^^ - . (2) 



By making the scaling 



X m 
x^ —, ip^ -j=^, (3) 
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the action ([2]) can be rewritten in terms of dimensionless field 



^CSB = d'xdz (^\dAV>d^^ + - . (4) 

All distances and coupling A are measured in units of 1/m, these units will be 
meant in what follows. By assumption, the self-interaction is weak, Am ^ 1, 
hence, the semiclassical analysis may be applied. 
The classical equation of motion is 

9> - d^if - ifil - if') = 0. (5) 

We also assume that the v.e.v. yj^ac does not depend on the usual space-time 
coordinates, (p{x^, z) = (p{z). The equation has then a kink solution [8J 



V^vac = ± tanh(z/v 2). (6) 

We choose the plus sign. The solution (|6]) breaks the translational invariance 
along the 2;-direction making thereby different energy scales non-equivalent. 
The given effect is important at large enough z, i.e. at low energies, at high 
energies the effect becomes negligible. This construction mimics the scale 
anomaly in QCD [7], with the dependence on the fifth coordinate in the 
solution y^vac being related to the existence of anomalous dimension by the 
operator G^^^. 

Consider the particle-like excitations of the vacuum state. Substituting 
if = (f + e into Eq. retaining only linear in e contributions and assuming 
e{x^,z) = e^^^e{z), where = is the usual 4D momentum defining the 
physical mass M, we obtain the following equation for the discrete mass 
spectrum, 

(^-dl + 3 tanh''{z/V2) - l) e„ = M^Sn- (7) 

This one- dimensional Schrodinger equation can be easily solved analytically, 
it is known to have two normalizable discrete states (we omit the normaliza- 
tion factors), 

cosh(^/y2)' '2 ^ ' 

The continuum begins at = 2. The zero-frequency mode Eq corresponds to 
the Goldstone boson of spontaneously broken translational invariance along 
the z-direction. This "dilaton" mode is located at high energies, z — )• 0, 
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where the scale invariance of the vacuum is restored asymptotically. An 
interesting feature of the model is the existence of a massive mode that is 
located near zq = a/2 arctanh(l/\/2) ^ 1.25 and could be associated with a 
glueball according to the physical meaning of the field (p. 



3 Adding bosons 

Let us embed a massless hadron H in the vacuum. The interaction with 
the field (p should generate a certain mass for the hadron. We consider the 
simplest situation: The relevant action is quadratic in H and there is the 
factorization H{Xfj_, z) = H{Xfj_)H{z) that permits to obtain the particle- 
like excitations. Since the field H must be normalizable, we can then easily 
integrate over z and arrive at a 4D effective action. We will not introduce the 
couplings of bosons to the gradients of the scalar field since such vertices, 
although could play a role at high energies, are not important for the mass 
generation at low energies. 

For simplicity, we analyse a scalar field $ coupled to the vacuum field cp, 
the extension of the analysis below to the higher spin fields is straightforward. 
The action is 

5bos = I d'xdz Q9a$9^$ - ^V'^'^ ■ (10) 

By making the scaling and $ — > m'^/^<l>, the corresponding Lagrangian 
reads 

c^os=i[dA^d''^-jv'^'y (11) 

Thus, the strength of boson interaction with the scalar field p is determined 
by the dimensionless coupling G/X. Consider the particle- like excitations 
z) = e''P^f{z), = over the background The classical equation 
of motion represents a one- dimensional Schrodinger equation 

dl + J t^nh\z/V2)^ /„ = M^/n, (12) 

which determines the discrete spectrum 
1 



n 2 



8G / 1\ / 1\^ 1 



IH { n + - ] - { n . 

X \ 2 \ 2 4 



(13) 
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/„ = cosh"-^(z/v/2)x 



— n, 2s + 1 — n, s + 1 — n. 



1 -tanh(2/v^) 



(14) 



where F is the hypergeometric function and 




n 



0,1,2, 



n < s. 



(15) 



(16) 



The continuum spectrum sets in at n = s. The states with n > carry 
the same quantum numbers as the ground state, in the language of potential 
models they are referred to as radial excitations. These excitations emerge 
if G/A > 1, the number of the radial excitations is controlled by the value of 
coupling G/X to the field ip. An interesting feature of obtained spectrum is 
that it is Regge-like, ~ n, in the strong coupling regime G/\ ^ 1. 

It is instructive to integrate over z in the action f lTO|) . Taking into account 
the equation of motion f|T2|) and the normalization of discrete states. 



fn{z)fn'{z)dz = S„ 



we arrive at the 4D Lagrangian 



(17) 



where we have defined $(a;^,z) = ^{Xfj,)f{z) and the contribution of con- 
tinuum was neglected. Thus, the given theory of a 5D massless boson field 
coupled to a vacuum field describes a tower of free massive 4D boson fields. In 
this picture, meson resonances resemble the Kaluza-Klein excitations. Since 
the large-Nc limit of QCD [9|[T0] is expected to be a theory of infinitely many 
free narrow mesons with presumably Regge-like spectrum, the strong cou- 
pling limit, G/X —7- oo, of the model corresponds to the limit A/^^ — )■ oo in 
QCD. 

It should be noted that extending the present model to the spin-1 mesons, 
the vector and axial-vector states will be degenerate: The slope of the cor- 
responding trajectories is expected to be universal, hence, we cannot leave 
the degeneracy by introducing different coupling to the scalar field (p. As 
in the case of holographic models, the remedy is simple — it is enough to 
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replace the usual derivative in the action ([2]) by the covariant one contain- 
ing a coupling to the axial-vector field. The corresponding modifications are 
straightforward [1]. 

The last but not least comment concerns fits to the experimental data. 
Unfortunately, the existing data on the scalar mesons is very ambiguous [6]. 
It can be easily shown, however, that within our model the spectrum of 
vector mesons (not axial-vector ones for which modifications due to the chiral 
symmetry breaking are needed) is the same as for the scalar states since the 
metric is fiat. Taking the experimental masses of light vector resonances with 
reported errors we can make the least square fit with the curve 

ml = An^ + Bn + C (19) 

and estimate the errors in values of parameters, this was done in Ref. [15], 
the result is (in GeV^) 

ml ^ (-0.09 ± 0.02)^2 + (1.30 ± 0.08)n + (0.71 ± 0.02). (20) 

Let us find the relation of intercept to linear slope, C/B, which is very 
important in the phenomenology. From the fit f l2U]) it is {C/B)cxp = 0.55 ± 
0.05. Using the rescaling (E]), we may always rescale masses by an arbitrary 
general factor. Comparing the slopes A and B in Eqs. ( 1T3|) and ( 120|) . we have 
^1 + 8G/X = 15.4 ± 4.1 that gives (C/5)thcor = 0.53 ± 0.01 for Eq. 
Thus, we see that the prediction of model for C/B is remarkably close to the 
phenomenological expectation for the vector mesons on the radial p-meson 
trajectory. 



4 Adding fermions 

Consider massless fermions coupled to the scalar field (p. Following the stan- 
dard procedure for introduction of fermions in 5D space, the simplest action 
is 

Sf^rm = j d^xdz [i^T^dA^ - V^^) , (21) 

where ■?/' is a four component spinor and F'^ = 7^, F^ = — ^7^, here 7^, 7^ 
represent the usual 4D Dirac matrices. This choice provides a representation 
of the 5D Clifford algebra, {F^, F^} = 2r/^^. After the rescaling (jS]) and 
if) — )■ m^-?/', the corresponding Lagrangian is 

£ferm = I^T^Oa"^ " '^^^^ (22) 
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The strength of fermion interaction with the field is determined by the 
dimensionless couphng h/\/X. Let us find the particle-hke excitations over 
the background ([6]). With the factorization \I/l,_r(x^, z) = e^^^UL,R{z) for the 
left and right components, 75\E'l,_r = ii'^ifi, the relation for masses follows 
from the classical equation of motion, 

(^±d, + A tanh(z/y2)^ Ul,r = MUl,r. (23) 

At 2 > 0, the equation ( !23|) is known [TT] to possess a normalizable zero- mode 
solution describing a massless left-handed fermion, 

M = 0, Ul = cosh~'VT(z/V2), Ur = 0. (24) 

This mode is localized near z = 0. If we considered the region z < the 
situation would be opposite: The normalizable zero-mode solution describes 
a massless right-handed fermion. This feature is in agreement with the inter- 
pretation of negative-energy solutions of the Dirac equation as antiparticles. 
On the other hand, there is an asymptotic solution 

^^oo: ^ = ^^ Ul,r = Cl,r. (25) 

Here Cl,r are some constants. 

The generation of mass for the fermion in question can be obtained di- 
rectly by means of integration over z. With the help of parametrization 



oo 

2/ 



<I/{x^,z) = s{z)^{x^), / s\z)dz = l, (26) 

Jo 

we can integrate over z (the zero-mode will not contribute) and arrive at an 
effective 4D Lagrangian 

41 = V'(^7"5,-A^)^, (27) 

with 

h f°° 

M = ^l s^(2)tanh(z/y2)d;z. (28) 
V A Jo 

We note that Ai < h/\fX and the principal contribution to the effective 
mass M. comes from integration over large enough z, i. e. over the low-energy 
region. 

Thus, the fermion described by Eq. fl23l) is massless and left-handed, this 
fermion is localized only at high energies, at low energies its wave function is 
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suppressed exponentially; this phenomenon could mimic the confinement. In 
the limit of zero energy, z — ?■ oo, the massless fermion disappears and instead 
a massive fermion emerges that resembles a kink propagating like a particle. 
It is natural to associate this solution with a light quark in QCD which 
looks practically massless and left-handed if we probe it at high energies and 
acquires a constituent mass at low energies. After integration over the energy 
scales the zero-mode is lost and the model describes a massive fermion. 

5 Discussions and outlook 

The presented phenomenological model can serve as a basis for construct- 
ing various effective models for QCD. We have considered an application of 
the model to the calculation of boson masses and a coupling of fundamental 
quarks to a field mimicking the physical vacuum. The next natural applica- 
tions of the proposed approach is the description of the baryon spectrum. A 
somewhat related question to be answered is the computing dynamical in- 
formation encoded in the correlation functions and finding restrictions from 
the QCD sum rules in the narrow-width approximation (see, e.g.^ for a 
review) . 

The model has a natural limitation — it should be regarded as an effective 
model valid below some scale. As long as the model has only one massive 
excitation that might be associated with the scalar glueball, this scale could 
be the mass of the second scalar glueball. Since this mass is expected at 
approximately the same scale as the onset of perturbative continuum in light 
meson spectrum, about 2.5 GeV, the model is able to describe the whole 
discrete meson spectrum. As is the case of all effective models of QCD, 
the considered model has no well established relation to QCD itself, but 
rather mimics some features of the physics of strong interactions at low and 
intermediate energies. 

The five- dimensional model of low-energy strong interactions studied here 
shares some general features with the bottom-up AdS/QCD models (see, 
e.g.^ [U-S] and references in [13]) and other holographic approaches (see, 
e-fl'-, Oils])- First of all, the 5th space dimension is introduced that has 
the physical meaning of inverse energy scale. The equations determining the 
mass spectrum of hadrons are reduced to the one-dimensional equations of 
the Schrodinger type. The holographic models, however, suffer from a large 
arbitrariness in the choice of background metric and boundary conditions 
on the holographic fields. As a consequence, any ad hoc spectrum can be 
obtained, in particular, the spectrum of the kind (|T3|) [15]. The presented 
approach is much less arbitrary since the fifth coordinate is singled out dy- 
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namically, as a result one has a dynamical violation of the scale invariance 
while within the holographic models this is implemented "by hands" 0. The 
considered approach represents thus a scheme for building the low-energy 
models of QCD in which the dependence on energy scale is included via the 
extension of usual space-time to the fifth "energetic" dimension, the latter 
can be always integrated out but we loose then the dynamical content of the 
theory. It turns out that the introduction of "energetic" space permits to 
calculate the spectrum of 4D theory and perhaps another static properties of 
hadrons in an essentially semiclassical way, such a possibility was the starting 
hypothesis of the AdS/QCD conjecture. 
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